GRS 1915+105 is a widely studied black hole binary, well known because of its extremely fast and complex variability. Flaring periods of high variability alternate with "stable" phases (the plateaux) when the flux is low, the spectra are hard and the timing properties of the source are similar to those of a number of black hole candidates in hard spectral state. In the plateaux the power density spectra are dominated by a low frequency quasi periodic oscillation (LFQPO) superposed onto a band limited noise continuum and accompanied by at least one harmonic. In this paper we focus on three plateaux, presenting the analysis of the power density spectra and in particular of the LFQPO and its harmonics. While plotting the LFQPO and all the harmonics together on a frequency-width plane, we found the presence of a positive trend of broadening when the frequency increases. This trend can shed light in the nature of the harmonic content of the LFQPO and challenges the usual interpretation of these timing features.
INTRODUCTION
X-ray binaries are binary systems where a stellar compact object, a neutron star (NS) or a black hole (BH) accretes matter from a companion star, producing bright X-ray emission. Since its launch in 1995, the Rossi X-Ray Timing Explorer (RXTE) has allowed a direct comparison between the spectral and timing properties of large sample of XRBs, which allowed the definition of the typical phenomenological properties of sources hosting a NS or a BH (see Psaltis 2006 for a review). On the base of those properties, quite a number of sources have been identified as possibly hosting a BH (black-hole candidates, BHC): for a number of systems this prediction has been confirmed via dynamical studies. Most BHCs have a low-mass companion star and are transient sources (black-hole transients, BHT) showing an evolution of their spectral/timing properties during their outbursts. This evolution has been described by many authors as a transition through a combination of 3-4 states (see McClintock 2006 and Belloni 2010 for a review) mainly defined by the shape and features in the power density spectra (PDS) and by the hardness of the energy spectra. The typical PDS are composed by a band-limited noise continuum that varies during the outburst and by a number of quasi-periodic oscillations (QPOs) observed in association with certain states both at low (mHz to few tens of Hz) and high (tents to hundreds Hz) frequencies (van der Klis 2006). Various models have been proposed in order to explain the quasi periodic variability and the noise continuum (see van der Klis 2005 for a review, Ingram & Done 2011 for a more recent model) but none of them, at the present time, can give a comprehensive explanation of all the observed phenomena. In this paper we focus on the low frequency QPO (LFQPO) of GRS 1915+105. LFQPOs are common features in the PDS of BHTs (unlike high-frequency QPOs, with frequencies larger than ∼ 30 Hz, that are rather rare) during their hard spectral states. They appear as strong peaks at a centroid frequency between 0.01 and 15 Hz, with a fractional rms amplitude reaching values >15% in sources like XTE J1550−564 and GRS 1915+105 ( Sobczak et al. 2000 , Reig et al. 2000 . LFQPOs are often accompanied by one or more further QPO peaks whose frequency is in harmonic relation with that of the LFQPO itself. Those are traditionally interpreted as resulting from the Fourier decomposition of the quasi-periodic signal responsible for the LFQPO. Nonetheless, questions about the identification of the fundamental peak and the genuineness of the harmonic relationship of the peaks have been raised in the recent works of Rao et al. (2010) and Rodriguez & Varnière (2011) . With the aim of investigating the relation between the LFQPO and its harmonics, we analysed a sample of RXTE observations from GRS 1915+105, which is particularly favorable for this study due to the strength of the main QPO peak and the number of the harmonics. The source is a largely studied XRB (see Fender & Belloni 2004 for a review) with a K-M III (Greiner et al. 2001b ) star donating matter to a dynamically confirmed BH (Greiner et al. 2001a ). It was discovered as a transient source on August 15, 1992 by the WATCH instrument on board on the GRANAT satellite (Castro-Tirado et al. 1992) and since then it always remained bright in the X-ray sky (∼ 0.5 -2 Crab), undergoing an 18-year long outburst that at the time of writing is still ongoing. Starting from 1996, GRS 1915+105 has been monitored with RXTE. The light curve in Fig. 1 is an example of the long-scale behavior of the source: quiet periods of low flux and low variability lasting hours to tens of days (the plateaux, Fender et al. 1999) , alternate with flaring activity phases of extreme variability, when all the X-ray properties, flux, spectral parameters and PDS features can vary on timescales down to the ms (Greiner et al. 1996 , Belloni et al. 1997 . While peculiar and complex during the flaring phases, the behaviour of the source during the plateaux is similar to that of many other BHTs. In particular, the PDS show the typical band limited noise complex (extending up to ∼ 100 Hz) and a strong LFQPO with several harmonics (Trudolyubov 2001 , Reig et al. 2000 . We analysed RXTE data from the three plateaux in Fig. 1 : the data sample and the reduction method are described in Sect. 2, while the modeling of the PDS is described in Sect. 3. Sect. 4 presents our results, which are discussed in the final Sect. 5. 
Frequency (Hz) Figure 2 . The most general multi-Lorentzian model we applied to the PDS. The Lorentzian components are labeled according to Belloni et al. (2002) . The L IV component accounts for residuals in the fit in a few observations, but is never significant.
OBSERVATIONS AND DATA REDUCTION
We analysed a set of thirty-two RXTE/PCA observations from the RXTE NASA's archive (Table 1) performed between July 1996 and October 1997 during the three subsequent plateaux shown in Fig. 1 ( for a more general studies of the same plateaux, Trudolyubov 2001) . Power Density Spectra (PDS) have been extracted in a ∼ 2 − 14 keV energy band from PCA light curves (single bit data with temporal resolution 125µs) with a Nyquist frequency of 2048 Hz, normalised according to Leahy et al. (1983) and converted to square fractional root mean square (rms) deviation (Belloni & Hasinger 1990) . In order to improve the statistics, we obtained a PDS for each observation as the average of the Fourier spectra extracted from consecutive 16 − s segments of the light curve. The averaged PDS have been re-binned logarithmically in frequency and fitted with the standard Xspec (version 11.3.2) fitting package using a diagonal response, therefore performing a simple direct χ 2 minimization. We adopted a model composed by Lorentzian functions only (see Fig. 2 ) following Belloni et al. (2002) . As argued by the authors, this approach has the advantage that the spectrum is described by components that are directly comparable one to the other, with no assumption about the origin of each one. A component has been considered significant if N/σN > 3, where N is the normalisation and σN its uncertainty, obtained with the chi-squared minimization. The errors on individual powers of the fitted PDS were computed following van der Klis (1989). We accounted for the counting statistic in PDS using an automatic subtraction of Poissonian background, based on the estimate of PCA dead time by Zhang et al. (1995) . A flat component extending over all the frequencies appears in a few PDS as a result of a non-perfect Poissonian subtraction. We corrected for this effect while fitting the PDS. Figure 3 shows two examples from the sample of PDS we analysed and the associated best-fitting model. Depending on the observation, five to eight Lorentzians are required for a good fit ( χ 2 < 1.4). We interpret each Lorentzian as a different spectral component (with the exception of double peaked QPOs, see below) assigning labels as in Fig One Lorentzian is usually enough to fit the LFQPO peak, unless it happens to be double-peaked. The presence of a double peak is possible because the QPO is known to drift in frequency on time scales shorted than the average observation (see e.g. Markwardt et al. 1999 ) . When this is the case, we fit two Lorentzians to the QPO and we take the sum-function as a single spectral component LLF to represent the LFQPO. We consider the frequency of the most significant (larger %rms) peak as the frequency of LLF , νLF and define its width ∆LF as the FWHM of the sum-function of the overlapping Lorentzians. The error on ∆LF is analytically computed from the equation of the sum-function. The quality factor Q = ν/∆ (typical indicator for the coherence of a signal, a QPO is traditionally defined by Q >2) of LLF is always above 3, reaching a maximum value of 10.4 (see Table 2 ). Although this is not the main topic of this paper, it is worth to mention that our data are consistent with the relations between ν h , ν l and νLF found in Belloni et al. (2002) for a sample of sources not including GRS 1915+105. After fitting for the main QPO peak and the broad bandlimited noise components L b , L h and L l , further peaks or bumps in the PDS are best fitted by up to three components in harmonic relation with LLF , labeled LII , LIII and L 1/2 . Their central frequencies are νII ∼ 2νLF , νIII ∼ 3νLF and ν 1/2 ∼ 0.5νLF respectively. In three observations a further component (LIV in Figure 2 ) needs to be added to our model in order to take into account residuals in the fit, whose centroid frequency is consistent with ∼ 4νLF . How- ever, this component never results significant (slightly less than 2σ detection) and therefore we did not consider it in our subsequent analysis. The component LII always appear as a rather coherent peak, with 2 Q 10. LIII and L 1/2 instead are often broad, with Q ranging from less than 1 up to ∼8 (see Table 3 , 4, 5).
MULTI-LORENTZIAN MODELING OF THE PDS

Harmonic relations
Figure 4 (top panel) shows the frequencies νII , νIII , νLF , ν I/2 and ν h plotted against the corresponding νLF (the data are reported in the tables from 2 to 6). The harmonic relation between the LLF and LII is evident from the figure. Quite some scattering is observed instead in the case of the broader components LIII and L 1/2 , with a tendency of the points to lie slightly below the harmonic relation line. Figure 4 (bottom panel) suggests that the harmonic ratio is better represented for LIII and L 1/2 if we consider, instead of the frequency of the components, their 'characteristic frequency' νmax = ν 2 + (∆/2) 2 (Belloni et al. 2002) . This is a measure for the break frequency of a broad Lorentzian and around this frequency the component contributes most of its power per logarithmic frequency interval 1 (Belloni et al. 2002) . When considering ν (upper panel of Fig. 4) , a fit to the LIII and L 1/2 data-points with a line of constant ratio ν = A νLF gives A = 2.91 ± 0.02 (χ 2 = 131.2, 24 d.o.f) and A = 0.455 ± 0.004 (χ 2 = 412.3, 27 d.o.f) for the two components respectively. The fitted slope is inconsistent with the expected harmonic ratios between the frequency of the each component and that of the LLF . If we consider νmax instead (Fig. 4 bottom panel) , the fit gives A = 3.00 ± 0.02 for LIII (χ 2 = 116.4, 24 d.o.f) and A = 0.49 ± 0.004 for L 1/2 (χ 2 = 191.4, 27 d.o.f). In this case, the fitted slope is consistent with the expected harmonic ratios on the 1σ level for LIII and on the 3σ level for L 1/2 . Although the fits are poor due to the scatter between the data-points, they support the visual impression given by Fig. 4 that the harmonic ratio of the LIII and L 1/2 is better represented when νmax is used instead of ν. The frequency of L h is included in Figure 4 following a recent study of the PDS of XTE J1550-564 performed by Rao et al. (2010) . The authors found that the νmax of the component L h (named Lpn by the authors) is in a 3/2 ratio with ν max(LF ) , being at three times the characteristic frequency of the sub-harmonic L 1/2 . We find that, in the case of GRS 1915+105, ν max(h) lies slightly below the line indicating a constant ratio R=3/2 with ν max(LF ) (Figure 4 bottom panel). As L h is a rather broad component, this discrepancy is even stronger if we consider the centroid frequencies ν h and νLF (Figure 4 top panel) . Fig. 5 shows the width of the LLF and its higher order harmonics LII and LIII plotted against the centroid frequency of the LLF . The three components describe three clear tracks on the diagram, and the width of each component grows with frequency. Moreover, it seems that the highest is the order of the harmonic, the broader the peak is. Nonetheless, a different interpretation arises when considering the plot of Fig. 6 , which provides a deeper insight on the behaviour of the harmonics. Here LLF , LII and LIII are considered again on a width-frequency plane, but the width ∆ of each component is plotted against its own frequency ν, without implying a relation with the LLF (the data are reported in the tables from 2 to 6). Lines of constant quality factor Q are also plotted. Different symbols distinguish harmonics of different orders, with the same key used in Fig. 5 . With the exception of a few outliers, all points follow the same trend on this plot, where coherence decreases as centroid frequency increases. The harmonics can not be distinguished based on their width, as the tracks from different harmonics overlap one with another. Rather than depend on the order of the harmonic, a given ∆ seems to be associated with a given frequency. A similar trend is observed if νmax is plotted instead of ν. The relation between the quality factors of the different harmonics of a non-sinusoidal signal is determined by the nature of the quasi-periodicity of the signal. The width-frequency plots in Fig. 7 have been produced by assuming the ν of each harmonic peak in our data and calculating the expected ∆ in case of a purely frequency -or purely amplitude -modulated signal. For a purely amplitude modulation, the ∆ of all the harmonic peaks would be the same as the amplitude of the LLF . On a frequency-width diagram that would result in a series of parallel tracks, one per each harmonic as shown in Fig. 7 panel (a) . The diagram is clearly different than that resulting from the real data in Fig. 6 . In the case of a frequency modulation, all the peaks have the same quality factor, that of the LLF . This case is shown in Fig. 7 panel (b) , which again is not consistent with the real data: although a single track is formed, it remains parallel to the Q = const lines, not reproducing the curved shape that appears in the real GRS 1915+105 data set. A width-frequency diagram consistent with a pure frequency modulation was found instead for XTE J1550-564 (Rao et al. 2010 ). The frequency-width diagram for components L 1/2 and L h is shown in Fig. 8 . A comparison of Fig. 8 and 6 shows that L 1/2 and L h do not share the behaviour of the other harmonics.
HARMONICS IN A WIDTH-FREQUENCY PLANE
DISCUSSION AND CONCLUSIONS
We have analysed the PDS of GRS 1915+105 during three plateaux states. The overall shape of the PDS is that typical of BHTs in their hard-intermediate state, with a strong low frequency QPO peak LLF superimposed to a band limited noise continuum (Fig. 3, 2) . The spectra can be fitted with a combination of Lorentzian components, several of which are in harmonic relation with LLF . We detected up to two higher order harmonics (LII and LIII ) forming an harmonic series of 1:2:3 with LLF , plus the components L 1/2 and L h with frequency close to ∼ 0.5 and ∼ 1.5 times the frequency of the LLF respectively. Few observations show residuals at frequency consistent to ∼ 4LLF , but a further Lorentzian component added at this frequency never results significant above 2σ. In the case of XTE J1550-564, Rao et al. (2010) proposed L 1/2 as the fundamental frequency of an harmonic 1:2:3:4 series including L 1/2 , LLF , L h and LII . In a similar scenario for GRS 1915+105, LIII should also be included, leading to a 1:2:3:4:6 series. Nonetheless, there is no strong evidence of a 2/3 harmonic ratio between the frequency of the LLF and of L h in the case of GRS 1915+105, even when the characteristic frequency of the components νmax is considered in place of ν. Moreover, the plot in Figure 6 (which is not significantly affected by the choice of ν or νmax) indicates that LLF and its higher order harmonics are related beyond their frequency ratio as they broaden and lose coherence together as their frequency increases, while L 1/2 and L h behave differently (Fig. 8 ) as if they did not belong to the LLF harmonic series. We conclude that the L 1/2 is likely not the fundamental in the LLF harmonic series, i.e. is not included in the series itself. L 1/2 and L h could instead be produced by a different phenomenon than that responsible for the LLF . Although the plot in Fig. 6 evidences a relation between LLF and its higher order harmonics LII and LIII , it also rises doubts on the nature of this relation. The commonly accepted idea is that the LLF and the harmonics describe together the same signal from a quasi-periodic oscillator, appearing as separated peaks in the PDS as a consequence of the Fourier representation. However, it is not trivial to identify a signal modulation that is able to produce the trend in Fig. 6 . For example, we have shown that such a behavior cannot be reproduced by a simple combination of frequency or amplitude modulation. Moreover, Fig. 4 shows that the frequency of LIII across different observations is better distributed around an harmonic ratio of 3 with the frequency of LLF when considering νmax instead of ν 2 . This is not what is usually expected in the context of harmonic decomposition, where the centroid ν is the frequency expected to be in harmonic ratio with the fundamental frequency. A broad component whose νmax is in harmonic ratio with the fundamental frequency can not be regarded as a proper harmonic, but only as a signal whose characteristic frequency is consistent with an harmonic of the fundamental frequency. The complexity of these results invites to consider a scenario involving more than one real oscillator, where a physical phenomenon is triggering oscillations at multiple frequencies in the accretion disk or in the corona, each one resulting in an harmonic component of the PDS. The trigger could be such that the life time (i.e. the coherence) of each oscillator is determined only by its own frequency, in agreement with the the trend in Fig. 6 . This toy-model example gives a feeling of the new perspectives that would be opened in the interpretation of the PDS if the harmonics were proven to have a meaning beyond the Fourier representation of a single quasi-periodic signal. Either way, the interpretation of the width-frequency plane of GRS 1915+105 promises to offer new insights on the QPO generation phenomenon in this system and in other XRBs. Table 5 . Frequency ν 1/2 and width ∆ 1/2 of the Lorentzian component L 1/2 , from the best fit to the PDS.
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